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(57) Disclosed is a diffractive optical element which 
is made of at least two materials of different dispersions 
and which includes at least two diffraction gratings being 
accumulated one upon another, wherein each diffrac- 
tion grating is formed on a curved surface of a substrate. 



and wherein a diffraction grating, of the at least two dif- 
fraction gratings, in which a curvature radius of the 
curved surface and a curvature radius of a grating sur- 
face in a portion where a grating pitch is largest, have 
different signs, is one of the at least two diffraction grat- 
ings which has a smallest grating thickness. 
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Description 

FIELD OF THE INVENTION AND RELATED ART 

[0001] This invention relates to a diffractive optical el- 
ement and an optical system having such diffractive op- 
tical element. More particularly, the invention concerns 
a diffractive optical element and an optical system hav- 
ing the same, to be used with light having plural wave- 
lengths or bandwidths. 

[0002] As an alternative to reducing chromatic aber- 
ration by combining lenses of different glass materials, 
use of a diffractive optical element having a light diffract- 
ing function in a portion of an optical system such as a 
lens surface thereby to reduce chromatic aberration has 
been proposed, in "SPIE", Vol.1354, International Lens 
Design Conference, 1990, or disclosed in Japanese 
Laid-Open Patent Application, Laid-Open No. 
213421/1992, Japanese Laid-Open Patent Application, 
Laid-Open No. 324262/1994, or U.S. Patent No. 
5,044,706, for example. 

[0003] This is based on a physical phenomenon that, 
between a refractive surface and a diffractive surface in 
an optical system, chromatic aberrations with respect to 
light rays of a certain reference wavelength are pro- 
duced in opposite directions. Further, such diffractive 
optical element can provide an effect like an aspherical 
surface lens, by changing the period of the periodic 
structure thereof. Thus, it is very effective to reduce the 
aberration. 

[0004] In the refraction, a single light ray is still a single 
light ray even after it is refracted. In the diffraction, as 
compared therewith, usually a single light ray is divided 
into light rays of different diffraction orders. In consider- 
ation of this, where a diffractive optical element is to be 
used in a lens system, it is necessary to determine the 
grating structure so that a light flux of a used wavelength 
region is concentrated to a single predetermined order 
(hereinafter, this will be referred to also as "design or- 
der"). If light is concentrated to a predetermined order, 
the intensity of light rays of any other diffraction orders 
becomes small. If the intensity is zero, it means that 
such diffraction light does not exist. 
[0005] In order to accomplish the features described 
above, the diffraction efficiency of light rays at the design 
order must be sufficiently high throughout the whole 
used wavelength region. If there are light rays of diffrac- 
tion orders different from the design order, such light 
rays are imaged at a location different from the light of 
the design order. Therefore, it results in unwanted light 
such as flare. Therefore, in an optical system having a 
diffractive optical element, it is very important to pay 
much attention to the spectral distribution of diffraction 
efficiency at the design order as well as the action of 
light rays of orders different from the design order. 
[0006] Figure 13 shows a diffractive optical element 
formed on a certain surface. Figure 14 shows diffraction 
efficiency curves of this diffractive optical element, with 



respect to particular diffraction orders. In the following, 
each value of diffraction efficiencies corresponds to the 
proportion of the light quantity of individual diffraction 
light to the overall transmitted light, and it excludes re- 
5 flection light at a grating interface, for example, to avoid 
complexity. 

[0007] In Figure 14, the axis of abscissa shows the 
wavelength, and the axis of ordinate denotes the diffrac- 
tion efficiency. The diffractive optical element shown in 
Figure 1 3 is designed so that it shows highest diffraction 
efficiency with respect to a used wavelength region, at 
the first diffraction order (solid curve in Figure 14). 
Namely, the design order is first order. In Figure 14, dif- 
fraction efficiencies at diffraction orders adjacent the de- 
sign order (i.e. zeroth and second order lights around 
the first order) are also shown. It is seen from the draw- 
ing that, for the design order, the diffraction efficiency 
becomes highest at a certain wavelength (hereinafter, 
"design wavelength"). At wavelengths other than this, 
the efficiency decreases gradually. Any decrease in the 
diffraction efficiency at this design order leads to diffrac- 
tion light of other orders and, thus, to flare. Particularly, 
where plural diffraction gratings are used, a decrease in 
the diffraction efficiency at a wavelength other than the 
design wavelength causes a decrease of transmission 
factor. 

[0008] Japanese Laid-Open Patent Application, Laid- 
Open No. 127322/1997 shows a diffractive optical ele- 
ment which is arranged to reduce the decrease of dif- 
fraction efficiency. Figure 15 shows this structure in 
which three different materials and two different grating 
thicknesses are used with optimization. The elements 
are disposed in proximity at an even pitch distribution, 
by which a high diffraction efficiency is accomplished 
throughout the whole visible wavelength region. 
[0009] The diffractive optical element shown in Figure 
15 has a layered sectional shape comprising an accu- 
mulation of three layers. By optimizing refractive indices 
and dispersion characteristics of the materials constitut- 
ing these three layers and by optimizing the grating 
thickness of each element, high diffraction efficiency is 
provided. 

[0010] Another example is shown in Figure 16 in 
which plural diffractive optical elements are combined. 
A better incidence angle charactenstic is obtainable if 
the grating surfaces of the diffraction gratings face dif- 
ferent directions. 

[0011] In the diffractive optical element disclosed in 
Japanese Laid-Open Patent Application, Laid-Open No. 
127322/1997 or in the diffractive optical element shown 
in Figure 16 having grating surfaces facing in different 
directions, the plane connecting the tips or free ends of 
the grating is planar. 

[0012] Figure 17 shows another example in which the 
grating shape of a diffractive optical element is formed 
upon a curved surface. While the grating pitch or grating 
thickness of the structure is suggested, no specific dis- 
cussion has been made with regard to combination of 
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plural gratings. Where a diffractive optical element hav- 
ing a layered structure comprising plural diffraction grat- 
ings is formed on a curved surface, in accordance with 
conventional grating combination method, actually, the 
diffractive optical element on the curved surface can not 
be produced with a good precision on the basis of mold- 
ing, for example. It is very difficult to assure the same 
performance as of a diffractive optical element of the 
same layered structure, being formed on a flat surface. 

SUMMARY OF THE INVENTION 

[0013] It is accordingly an object of the present inven- 
tion to provide a diffractive optical element by which at 
least one of the inconveniences described above can 
be avoided. 

[0014] It is another object of the present invention to 

provide an optical system having such diffractive optical 
element incorporated thereinto, by which flare or the like 
can be suppressed effectively. 
[0015] In accordance with an aspect of the present in- 
vention, there is provided a diffractive optical element 
made of at least two materials of different dispersions, 
and Including at least two diffraction gratings being ac- 
cumulated one upon another, wherein each diffraction 
grating is formed on a curved surface of a substrate, and 
wherein a diffraction grating, of said at least two diffrac- 
tion gratings, in which a curvature radius of the curved 
surface and a curvature radius of a grating surface in a 
portion where a grating pitch is largest, have different 
signs, is one of said at least two diffraction gratings 
which has a smallest grating thickness. 
[0016] In one preferred form of this aspect of the 
present invention, said diffraction grating having a 
smallest grating thickness is structured so that an angle 
which is defined between the grating surface and a grat- 
ing edge of that diffraction grating is obtuse more than 
an angle which is defined between the grating surface 
and a normal to the surface at a position where a plane 
connecting grating free ends of the smallest-thickness 
diffraction grating and the grating surface intersect with 
each other. 

[0017] The grating edge of the diffraction grating may 
be made in parallel to an optical axis . 
[0018] The curvature of the plane connecting the grat- 
ing free ends may be approximately even, in each dif- 
fraction grating of said at least two accumulated diffrac- 
tion gratings. 

[0019] At least one of said at least two diffraction grat- 
ings may be formed at an interface of two different ma- 
terials having different dispersions. 

[0020] Said at least two accumulated diffraction grat- 
ings may be bonded with each other in a non-grating 
region. 

[0021] Said at least two diffraction gratings may in- 
clude at least one grating of a shape in which a direction 
of the grating thickness is different. 
[0022] Said diffractive optical element may be effec- 



tive to improve a diffraction efficiency of a predeter- 
mined order, over a whole visible light region of a used 
wavelength. 

[0023] There may be a wavelength included in the 
5 used wavelength range which wavelength satisfies the 
following relation: 

+ (nOI-l) d1 + (n03-1) d2 + (n02-1) d2 = mXO 

where nOI is a refractive index of the material of a first 
diffraction grating with respect to a wavelength XO, n02 
is a refractive index of the material of a second diffrac- 
tion grating with respect to the wavelength XO, n03 is a 
refractive index of the material of a third diffraction grat- 
ing with respect to the wavelength XO, d1 and d2 are 
thicknesses of the first and second diffraction gratings, 
and m is a diffraction order. 
[0024] The substrate may have a lens function. 
[0025] In accordance with another aspect of the 
present invention, there is provided a diffraction optical 
system including a diffractive optical element as recited 
above. 

[0026] In one preferred form of this aspect of the 
present invention, said optical system is an imaging op- 
tical system. 

[0027] Said diffractive optical element may be provid- 
ed at one of a lens cemented surface and a lens surface, 
or inside a lens. 

[0028] Said optical system may be an observation op- 
tical system. 

[0029] Said diffractive optical element may be provid- 
ed at a side of a lens, constituting the observation optical 

system, which faces an objective lens side thereof. 
[0030] These and other objects, features and advan- 
tages of the present invention will become more appar- 
ent upon a consideration of the following description of 
the preferred embodiments of the present invention tak- 
en in conjunction with the accompanying drawings. 

BREIF DESCRIPTION OF THE DRAWINGS 

[0031] Figure is a schematic view of a diffraction lens 
according to a first embodiment of the present invention. 
[0032] Figure 2 is a schematic view showing the sec- 
tional shape of diffraction gratings in the first embodi- 
ment of the present invention. 

[0033] Figures 3A and 3B are graphs, respectively, for 
explaining diffraction efficiencies of the diffractive opti- 
cal element in the first embodiment of the present inven- 
tion. 

[0034] Figure 4 is a schematic view showing the sec- 
tional shape of diffraction gratings in the first embodi- 
ment of the present invention. 
[0035] Figure 5 is a schematic view for explaining re- 
production of a first diffractive optical element, in accord- 
ance with the first embodiment of the present invention. 
[0036] Figure 6 is a schematic view of the first diffrac- 
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tive optical element in the first embodiment of the 
present invention. 

[0037] Figure 7 is a schematic view of a modified ex- 
ample of the first diffractive optical element according to 
the first embodiment of the present invention. 5 
[0038] Figure 8 is a schematic view of a one-dimen- 
sional diffractive optical element according to the first 
embodiment of the present invention. 
[0039] Figure 9 is a schematic view of a diffractive op- 
tical element according to a second embodiment of the 
present invention4. 

[0040] Figure 10 is a schematic view of a diffractive 
optical element according to a third embodiment of the 

present invention. 

[0041] Figure 11 is a schematic view showing a photo- 
taking optical system according to a fifth embodiment of 
the present invention. 

[0042] Figure 12 is a schematic view showing an ob- 
servation optical system according to a sixth embodi- 
ment of the present invention. 
[0043] Figure 1 3 is a schematic view showing a con- 
ventional example of grating shape (triangular wave 
shape). 

[0044] Figure 14 is a graph for explaining diffraction 
efficiencies in a conventional example. 
[0045] Figure 1 5 is a sectional view showing the sec- 
tional shape of a conventional example of an accumu- 
lative diffractive optical element. 
[0046] Figure 1 6 is a sectional view showing the sec- 
tional shape of another conventional example of an ac- 
cumulative diffractive optical element. 
[0047] Figure 1 7 is a sectional view showing the sec- 
tional shape of a conventional example of a diffractive 
optical element formed on a curved surface. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0048] Preferred embodiments of the present inven- 
tion will be described with reference to the attached 
drawings. 

[Embodiment 1] 

[0049] Figure 1 is a schematic view (including a front 
view and a side views) of a diffractive optical element 

according to a first embodiment of the present invention. 
The diffractive optical element 1 has a structure in which 
a first diffractive optical element 2 and a second diffrac- 
tive optical element 3 are closely juxtaposed with each 
other. In Figure 1 , as viewed in the direction of an optical 
axis, the diffraction gratings have a concentric grating 
shape such that it provides a lens function. Also, grating 
elements (diffraction gratings) 6, 7 and 8 are formed on 
a curved surface. 

[0050] Figure 2 is a schematic view showing the sec- 
tional shape of a portion of the diffractive optical element 
of Figure 1, being cut along a line A-A' in Figure 1. In 



Figure 2, diffraction gratings are illustrated while being 
much deformed in the grating depth direction. Also, for 
better understanding, the grating pitch is reduced In the 
illustration. The diffractive optical element of this em- 
bodiment has such structure that it comprises a first dif- 
fractive optical element 2 having a diffraction grating 6 
formed on the surface of a substrate 4 and a second 
diffractive optical element 3 having second and third dif- 
fraction gratings 7 and 8 formed on the surface of an- 
other substrate 5, wherein the first and second diffrac- 
tive optical elements 2 and 3 are closely juxtaposed with 
each other with an air layer 9 being interposed therebe- 
tween. These layers function in combination, as a single 
diffractive optical element. 

[0051] The surface 12 of the diffraction grating 8 
which is on the opposite side of the grating surface 1 1 
of the diffraction grating 8 is a curved surface where no 
grating is formed. It has a curvature radius effectually 
the same as that of a curved surface 15 of the substrate 
5 where a diffraction grating is formed. Further, in both 
of the substrates 4 and 5, the surface having a grating 
formed thereon and the other surface on the opposite 
side are curves surfaces. Thus, the substrate itself pro- 
vides a dioptric lens function. 

[0052] First, the diffraction efficiency of a diffractive 

optical element will be described. 
[0053] Figure 13 shows an ordinary single-layer 
transmission type diffraction grating. In such diffraction 
grating, the condition for a largest diffraction efficiency 
with a design wavelength XO is that: If the light flux is 
perpendicularly incident on the grating, the optical path 
difference between the peak and the trough of the dif- 
fraction grating should be equal to a product of the wave- 
length by an integer . Thus, it follows that: 

(nOI-l)d = mXO (1) 

where n01 is the refractive index of the material of the 
diffraction grating with respect to the wavelength XO, d 
is the grating thickness, and m is the diffraction order. 
[0054] In the case of an accumulative diffractive opti- 
cal element having two layers or more of diffraction grat- 
ings, basically what described above applies to it. In or- 
der that all the layers function in combination as a single 
diffraction grating, in relation to each layer, the optical 
path difference between the peak and the trough of the 
diffraction grating defined at the interface of the adjacent 
materials is detected, and the structure is determined 
so that the combined optical path differences of all the 
layers become equal to the product of the wavelength 
by an integer. Therefore, in the case of the accumulative 
diffractive optical element shown in Figure 2, the condi- 
tion for a largest diffraction efficiency when the light is 
perpendicularly incident on the diffractive optical ele- 
ment, is as follows: 
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+(n01-1)d1±(n03-1)d2+{n02-1)d2 = mXO (2) 

where nOI is the refractive index of the material of the 
first diffraction grating with respect to the wavelength XO, 
d02 is the refractive index of the material of the second 
diffraction grating with respect to the wavelength XO, n03 
is the refractive index of the material of the third diffrac- 
tion grating with respect to the wavelength XO, and d1 
and d2 are grating thicl<nesses of the first and second 
diffraction gratings, respectively. The diffraction gratings 
7 and 8 have the same grating thickness d2. Here, as 
regards the diffraction direction, if diffraction in a direc- 
tion below the zeroth order diffraction light (Figure 2) is 
taken as positive (positive diffraction order), the sign of 
increase/decrease of each layer in equation (2) is such 
that: the grating shape (diffraction gratings 6 and 7) in 
which the grating thickness increases from the above 
toward the below as illustrated is positive, while the grat- 
ing shape (diffraction grating 8) in which the grating 
thickness increases from the below to the above is neg- 
ative. Thus, the structure of Figure 2 can be expressed 
in terms of equation (2) as follows: 

(n01-1)d1 + (n02-1)d2 - (n03-1)d2 = mA,0 (3) 

[0055] Referring to specific examples, details will be 
described below. 

[0056] First of all, the first diffractive optical element 
2 has the following structure. As regards the material 
constituting the grating elements, the first diffractive op- 
tical element 2 uses an ultraviolet-ray setting resin 
(nd= 1.635 and vd= 23.0), and the grating thickness is 
3.54 microns. 

[0057] Similarly, the second diffractive optical ele- 
ment 3 has the following structure. The second diffrac- 
tive optical element 3 comprises second and third dif- 
fraction gratings 7 and 8 . As regards the material con- 
stituting the grating elements, the second diffraction 
grating 7 is made of an ultraviolet-ray setting resin 
RC8922 (trade name) (nd=1.5129, vd=50.8) available 
from Dainippon Ink Chemical Industry, Japan, and the 
third diffraction grating is made of an ultraviolet-ray set- 
ting resin HV1 (trade name) (nd=1.598, vd=28.0) avail- 
able from ADELL Co., Japan. The grating thickness is 
19.5 microns. 

[0058] Figures 3A and 3B show diffraction efficiencies 
of first-order diffraction light as well as zeroth-order light 
and second-order diffraction light, both around the first- 
order diffraction light, in the structure described above. 
It is seen from these graphs that the first-order diffraction 
light maintains a high diffraction efficiency throughout 
the whole visible wavelength region. Also, it is seen that 
the zeroth-order light and the second-order diffraction 
light are reduced as compared with the conventional ex- 
ample shown in Figure 14. 

[0059] Referring now to Figures 2 and 4, the shape in 



a case where a diffraction grating is formed on a curved 
surface in accordance with the present invention, will be 
explained in detail. 

[0060] A structure in which a diffractive optical ele- 
5 ment such as described above is formed on a curved 
surface (hereinafter, "reference curved surface") having 
a curvature radius R, is considered. Also, a case where 
the grating surfaces 1 0 and 11 face in different directions 
such as shown in Figure 2, will be discussed. 
[0061] In this example, the diffraction gratings are so 
formed that their grating surfaces face in different direc- 
tions, such as shown in Figure 16, by which, as com- 
pared with the structure shown in Figure 1 7 wherein the 
grating surfaces face in the same direction, the variation 
of diffraction efficiency due to a change in incidence an- 
gle of incident light can be suppressed. 
[0062] Further, the diffractive optical element shown 
in Figure 2 is so structured that the function of a positive 
diffractive lens is provided only by potions of three ac- 
cumulated diffraction gratings, without using the curva- 
ture of the base surface on which the diffraction grating 
is formed. Similarly, the first diffraction grating 6, by it- 
self, provides a function of a positive diffractive lens. The 
second and third diffraction gratings 7 and 8 provide, by 
themselves, when combined, a function as a negative 
diffractive lens. Further, these three diffraction gratings, 
when disposed juxtaposed or closely contacted, provide 
a function of a positive diffractive lens, as described 
hereinbefore. In order that the structure as a whole func- 
tions as a single diffractive optical element, a curved 
plane 14 connecting the grating peaks of the first diffrac- 
tion grating 6, a curved plane 12 opposite to the grating 
surface of the third diffraction grating, and a curved 
plane 1 3 connecting the grating peaks of the second and 
third diffraction gratings 7 and 8, all have substantially 
the same curvature radius. More exactly, these planes 
have the same curvature center. This means that, where 
the planes are considered in relation to convexity or con- 
cavity, one of the curved planes 13 and 14 is convex and 
the other is concave. In Figure 4, the curved plane 13 is 
convex and the cured plane 14 is concave. 
[0063] In Figures 2 and 4, the first diffraction grating 
6 comprises a positive diffractive lens formed on the 
curved plane 14. Further, the grating edge of the first 
diffraction grating 6 is defined so as to become perpen- 
dicular to the curved plane 14. Similarly, the second dif- 
fraction grating 7 comprises a positive diffractive lens 
formed on the curved plane 1 3. The third diffraction grat- 
ing 8 is formed so as to cover in the grating elements of 
the second diffraction grating 7, such that the second 
diffractive optical element 2 can provide, only with its 
grating elements, the function as a negative diffractive 
lens. Also, the grading edges of the second and third 
diffraction gratings are made perpendicular to the 
curved plane 13. 

[0064] Next, fabrication of a diffractive optical element 
having a structure according to the present invention will 
be explained. 
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[0065] From the standpoint of mass-production, it 
would be preferable to prepare a mold having a grating 
shape and, by using it, to reproduce a diffractive optical 
element on the basis of the molding. Where a molding 
process is used, it is necessary to separate a molded 5 
piece from the mold. 

[0066] Figure 5 illustrates mold release, releasing a 
first diffraction grating 6 (Figure 4) from a mold 16. For 
release from the mold 16, the piece should be shifted in 
the direction of an optical axis O in the drawing. How- 
ever, because the grating edge portion 1 5 is formed per- 
pendicularly to the base curved surface, the motion is 
blocl<ed. Thus, with this shape, the mold release in the 
optical axis direction is unattainable. 
[0067] In consideration of this, as shown in Figure 6, 
the edge portion 15 of the diffraction grating is formed 
so as to become parallel to the optical axis. With such 
grating shape, mold release along the optical axis direc- 
tion is enabled. In this case, an angle 91 is defined be- 
tween the grating edge and a normal from the grating 
peak toward the curved plane 14. The angle 91 gradu- 
ally increases as the grating rings are more remote from 
the optical axis. 

[0068] Next, the influence of the grating shape such 
as shown in Figure 6 on the diffraction efficiency will be 

explained. Where the second diffractive optical element 
has a structure such as shown in Figure 2, if reproduc- 
tion based on molding is considered, the shape is such 
that there is no inconvenience in the mold release even 
though the grating edge is perpendicular to the curved 
plane 13. 

[0069] Actually, it is desirable to explain the diffraction 
efficiency as a diffractive optical element having com- 
bined first and second diffractive optical elements 
shown in Figure 6. Since however the second diffractive 
optical element does not involve any shape change from 
the standpoint of fabrication, a qualitative explanation 
will be made on how the characteristic changes when 
the first diffractive optical element solely changes from 
the Figure 2 shape to the Figure 6 shape. 
[0070] The performance of a grating can be described 
in terms of the vector in the periodic direction of the grat- 
ing and the component perpendicular to it. Thus, for sim- 
plification of explanation, a shape in which the grating 
period vector is always placed in a certain direction will 
be considered here. The state that the grating period 
vector is always placed in a certain direction means that 
the grating is formed on a flat plane. So, Figure 7 illus- 
trates the shape in which the base curved plane 14 of 
the diffractive optical element of Figure 6 is bent into a 
flat plane. Forming the grating edge in parallel to the 
optical axis as shown in Figure 6 is equivalent, in the 
case of Figure 7, to that the edge face of each grating 
tilts by 91 . If this tilt is projected to the grating period 
direction, the component Ap thereof is expressed by: 

Ap = d1*tan 91. 



wherein d1 is the grating thickness of the first diffractive 
optical element. Therefore, as the grating thickness is 
larger and the edge tilt angle is larger, Ap becomes larg- 
er. Also, it is known that, generally, as the proportion of 
Ap to the grating pitch becomes larger, deterioration in 
performance of a diffractive optical element having an 
idealistic shape (the edge is perpendicular to the grating 
period pitch) becomes significant. Basically, This ap- 
plies to the accumulative type diffractive optical element 
of this embodiment. Even when combined with the sec- 
ond diffractive optical element, if the performance of the 
first diffractive optical element singly is deteriorated, 
there occurs a corresponding decrease of the perform- 
ance. In order to suppress Ap, it is necessary to keep 
the tilt angle 91 small, to make the grating thickness d1 
small, or to make the grating pitch large. 
[0071] Among theses options, making the grating 
pitch large is equivalent to making the power of the dif- 
fractive lens small. This leads to that, when the diffrac- 
tive optical element of this embodiment Is incorporated 
into an optical system, the effect of the diffractive lens 
is undesirably restricted. Similarly, making the tilt angle 
91 small is equivalent to slowing the base curvature ra- 
dius. This is not desirable since it results in restriction 
to the performance as an optical element. Thus, as re- 
gards the grating structure, a structure in which the grat- 
ing thickness d1 is kept small is desirable. 
[0072] As described above, where the substrate on 
which a diffractive optical element is to be formed has 
a curved surface, the order of gratings which constitute 
the accumulative diffractive optical element may be ap- 
propriately set when a diffraction grating having a posi- 
tive power is formed on a concave surface while a dif- 
fraction grating having a negative power is formed on a 
convex surface. IVIore specifically, the grating thickness- 
es and signs (convex or concave) of diffractive optical 
elements constituting the accumulative diffractive opti- 
cal element, as well as the sign of the substrate curved 
surface, are compared with each other. If there is a dif- 
ference in sign as described hereinbefore (for example, 
a convex diffraction grating is formed upon a concave 
surface), a smallest grating thickness may be chosen 
for that surface. 

[0073] This corresponds to making the structure so 
that, in Figure 4, among curvature radii (x2 and x3 in 
Figure 4) of grating surface (first ring in the Figure 4 ex- 
ample) where the grating pitch of the diffraction grating 
becomes largest, the curvature radius (x3 in Figure 4) 
of the grating surface corresponding to the diffraction 
grating having a smallest grating thickness has a differ- 
ent sign as compared with that of the curvature radius 
(x1 in Figure 4) of the substrate. 
[0074] The foregoing description has been made with 
reference to a diffractive optical element in which the 
diffraction grating has a reference curved surface of a 
spherical surface shape. However, the present inven- 
tion is applicable also to a diffractive optical element in 
which the diffraction grating has a reference curved sur- 
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face of an aspherical surface shape, a cylindrical sur- 
face shape, a toric surface shape or any other surface 
shape. 

[Embodiment 2] 

[0075] In the first embodiment, the first and second 
diffractive optical elements 2 and 3 are disposed in close 
juxtaposition with each other. In this case, the relative 
position of the two diffractive optical elements 2 and 3 
must be adjusted very precisely. In consideration of this, 
in a second embodiment of the present invention, as 
shown in Figure 9, two diffractive optical elements are 
bonded to each other at a non-grating region where no 
grating of the diffractive optical element is present. With 
this arrangement, if the assembling process up to the 
bonding is carried out in a clean environment such as a 
clean room, for example, adhesion of dust particles to 
the grating surface can be reduced significantly. Further, 
since there is no possibility of contact to the grating sur- 
face after the bonding, the assembling operation for in- 
corporating the diffractive optical element into another 
optical system become much easier. 

[Embodiment 3] 

[0076] In the first and second embodiments described 
above, the diffractive optical element comprises first and 
second diffractive optical elements 2 and 3 disposed 
close to each other. In the second embodiment, a three- 
dimensional error may be produced in respect to the rel- 
ative position of the two diffractive optical elements. This 
needs a long time to accomplish relative alignment be- 
fore the bonding. In the third embodiment, in consider- 
ation of it, as shown in Figure 10, there is a zone or lo- 
cation 1 8 defined in the non-grating region of the optical 
element 2, for example, which zone is effective to reg- 
ulate the spacing in respect to the grating height direc- 
tion. With this structure, the relative spacing in the grat- 
ing height direction can be determined very precisely. 
Consequently, the alignment process is required only 
with respect to two-dimensional direction along the 
curved surface, and the therefore the operation be- 
comes much easier. 

[0077] Further, there is no possibility of mutual contact 
between the diffraction gratings during the alignment 
operation, which otherwise might cause deformation of 
grating free ends. The grating height regulating zone 18 
of this embodiment may preferably be made as a unit 
with the grating, by using the same material as the grat- 
ing, simultaneously when the diffraction grating is pro- 
duced. This is desirable in respect to the precision and 
the cost. 

Furthermore, where the substrate has a lens shape 
such as shown in Figure 1 , adjustment may be done dur- 
ing the alignment adjustment operation so that any rel- 
ative eccentricity between the two lenses is cancelled. 
This enables a good-performance diffractive optical el- 



ement having a reduced eccentricity. 
[Embodiment 4] 

5 [0078] In the diffractive optical elements according to 
the first to third embodiments, the substrate and the dif- 
fraction grating are made of different materials. Howev- 
er, the present invention is not limited to this. The dif- 
fraction grating and the substrate are made of the same 

10 material, and they may be formed integrally. In the fourth 
embodiment, the grating is made of the same material 
as of the substrate. By this, the positional precision in 
relation to the substrate outside diameter and to the 
grating center is improved significantly. Alternatively, if 

15 the substrate is formed with a lens shape, the lens core 
of the substrate and the grating center can be aligned 
with each other very accurately. Therefore, in accord- 
ance with this embodiment, the optical-axis alignment 
precision for incorporating a diffractive optical element 

20 into another lens is improved significantly. Thus, any 
degradation of aberration such as a decrease of imaging 
performance due to a caused eccentricity of the ele- 
ment, can be reduced remarkably. 



[0079] Figure 11 shows the structure according to a 

fifth embodiment of the present invention. 

[0080] Specifically, Figure 11 shows a section of a 

30 photo-taking optical system such as a camera, for ex- 
ample. In the drawing, denoted at 101 is a photo-taking 
lens which includes a stop 102 and a diffractive optical 
element 1 of the present invention, disposed inside. De- 
noted at 103 is a film or a CCD, at an imaging plane. 

36 [0081] With the diffractive optical element structure 
such as described, the wavelength dependency of the 
diffraction efficiency is improved significantly. As a re- 
sult, a high-performance photo-taking lens having small 
flare but having a high resolving power is provided. Also, 

40 since the diffractive optical element can be produced 
easily, an inexpensive optical system suitable for mass- 
production of photo-taking lenses is accomplished. 
[0082] In Figure 1 1 , a diffractive optical element hav- 
ing a structure according to the present invention is pro- 

45 vided at the bonding face of a front cemented lens. How- 
ever, the present invention is not limited to this. The dif- 
fractive optical element may be provided at any other 
lens surface. Further, plural diffractive optical elements 
may be provided inside a photo-taking lens. 

50 [0083] Although this embodiment concerns a photo- 
taking lens of a camera, the invention is not limited to 
this. Substantially the same advantageous effects are 
attainable when the diffractive optical element is applied 
to an imaging optical system to be used in a wide wave- 

55 length region, such as a photo-taking lens of a vireo 
camera, an image scanner, or a reader lens of a digital 
copying machine, for example. 



25 [Embodiment 5] 
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[Embodiment 6] 

[0084] Figure 12 siiows the structure according to a 
sixth embodiment of the present invention. 
[0085] Specifically, Figure 12 shows a section of an 
observation optical system such as a binocular, for ex- 
ample. Denoted in the drawing at 1 is an objective lens 
which comprises a diffractive optical element. Denoted 
at 104 is a prism for accomplishing an image. Denoted 
at 105 is an eyepiece lens, and denoted at 106 is an 
evaluation plane (pupil plane). Denoted at 1 in the draw- 
ing is the diffractive optical element according to the 
present invention, and this is provided in order to correct 
chromatic aberration, for example, on the imaging plane 
of the objective lens. 

[0086] With the structure of the diffractive optical ele- 
ment as described above, the wavelength dependency 
of the diffraction efficiency is improved significantly. As 
a result, a high-performance objective lens having small 
flare but having a high resolving power at a low frequen- 
cy is provided. Also, since the diffractive optical element 
can be produced easily, an inexpensive optical system 
suitable for mass-production of observation optical sys- 
tems is accomplished. 

[0087] Although this embodiment concerns a diffrac- 
tive optical element which is provided in a portion of an 
objective lens, the present invention is not limited to this. 
Substantially the same advantageous effects are ob- 
tainable even when the diffractive optical element is pro- 
vided at the surface of a prism or inside an eyepiece 
lens. However, if it is provided at a side of the imaging 
plane 103, facing the object side, an effect of reducing 
chromatic aberration only in the objective lens is as- 
sured. Therefore, in the case of a naked-eye observa- 
tion system, it is desirable to place a diffractive optical 
element at a side of the imaging plane 103, facing the 
objective lens. 

[0088] Further, while this embodiment relates to a bin- 
ocular, the invention is not limited to this. It can be ap- 
plied to a telescope or an astronomical telescope, for 
example. Moreover, similar effects are obtainable with 
an optical type finder for a lens shutter camera or a video 
camera, for example. 

[0089] In accordance with the embodiments of the 
present invention as described hereinbefore and with 
the structure described above, even in a case where a 
diffractive optical element is provided on a curved sur- 
face, unwanted decrease of the diffraction efficiency can 
be reduced. Thus, a grating shape best suited to provi- 
sion, on a curved surface, of a diffractive optical element 
having a high diffraction efficiency throughout a wide 
wavelength region. 

Particularly, a grating shape best suited to a case where 
plural gratings facing in different directions are to be 
formed on a curved surface, is accomplished. As a result 
of this, a high diffraction efficiency of the same level as 
a diffractive optical element formed on a flat surface, can 
be maintained. Further, in respect to fabrication, a mold- 



ing process using a mold, which is good for mass-pro- 
duction, can be used. 

[0090] A structure in which two diffractive optical ele- 
ments are bonded with each other at a non-grating re- 
5 gion, may be used. This makes it very easy to handle 
the diffractive optical element. Further, it enables to pro- 
vide a diffractive optical element with small adhesion of 
dust particles to the grating elements. 
[0091] A structure in which a grating height regulating 
section, may be provided for the non-grating region. 
With this structure, alignment of two gratings is required 
only in respect to the grating ring direction. Therefore, 
the assembling becomes much easier. Further, the pos- 
sibility of interference of gratings during the alignment 
operation or the possibility of deformation of the grating 
free ends is much reduced. 

[0092] The substrate and the grating element of the 

diffractive optical element may be made of the same ma- 
terial, and the substrate and the diffractive optical ele- 
ment may be made integral. In that occasion, the posi- 
tional precision of the substrate outside diameter and 
the grating center and, if the substrate is a lens, the pre- 
cision of the substrate lens core and the grating center, 
can be improved significantly. Thus, deterioration of the 
imaging performance due to eccentricity is reduced con- 
siderably, and a lens system of good performance is pro- 
vided. 

[0093] The diffractive optical element of the structure 
described above can be applied to a photo-taking lens 
and, in that occasion, an inexpensive and high precision 
photo-taking lens is provided. 
[0094] The diffractive optical element of the structure 
described above can be applied to an observation opti- 
cal system and, in that occasion, an inexpensive and 
high performance observation optical system is provid- 
ed. 

[0095] While the invention has been described with 
reference to the structures disclosed herein, it is not con- 
fined to the details set forth and this application is in- 
tended to cover such modifications or changes as may 
come within the purposes of the improvements or the 
scope of the following claims. 



45 Claims 

1. A diffractive optical element made of at least two 
materials of different dispersions, and including at 
least two diffraction gratings being accumulated 
50 one upon another, 

characterized in that: 

each diffraction grating is formed on a curved 
surface of a substrate; and that a diffraction 
55 grating, of said at least two diffraction gratings, 

in which a curvature radius of the curved sur- 
face and a curvature radius of a grating surface 
in a portion where a grating pitch is largest. 



8 



15 

have different signs, is one of said at least two 
diffraction gratings which has a smallest grating 
thickness. 

2. A diffractive optical element according to Claim 1, 5 
wherein said diffraction grating having a smallest 
grating thickness is structured so that an angle 
which is defined between the grating surface and a 
grating edge of that diffraction grating is obtuse 
more than an angle which is defined between the 10 
grating surface and a normal to the surface at a po- 
sition where a plane connecting grating free ends 

of the smallest-thickness diffraction grating and the 
grating surface intersect with each other. 

15 

3. A diffractive optical element according to Claim 1 or 

2, wherein the grating edge of the diffraction grating 
Is made In parallel to an optical axis. 

4. A diffractive optical element according to Claim 2 or 20 

3, wherein the curvature of the plane connecting the 
grating free ends is approximately even, in each dif- 
fraction grating of said at least two accumulated dif- 
fraction gratings. 

25 

5. A diffractive optical element according to any one 
of Claims 1 - 4, wherein at least one of said at least 
two diffraction gratings is formed at an interface of 
two different materials having different dispersions. 

30 

6. A diffractive optical element according to any one 
of Claims 1 - 5, wherein said at least two accumu- 
lated diffraction gratings are bonded with each other 
In a non-grating region. 

35 

7. A diffractive optical element according to any one 
of Claims 1 - 6, wherein said at least two diffraction 
gratings Include at least one grating of a shape In 
which a direction of the grating thickness Is differ- 
ent. 40 

8. A diffractive optical element according to any one 
of Claims 1 - 7, wherein said diffractive optical ele- 
ment is effective to improve a diffraction efficiency 

of a predetermined order, over a whole visible light 45 
region of a used wavelength. 

9. A diffractive optical element according to any one 
of Claims 1 - 8, wherein there is a wavelength in- 
cluded in the used wavelength range which wave- so 
length satisfies the following relation: 



16 

ond diffraction grating with respect to the wave- 
length XO, n03 is a refractive index of the material 
of a third diffraction grating with respect to the wave- 
length XO, d1 and d2 are thicknesses of the first and 
second diffraction gratings, and m is a diffraction or- 
der. 

10. A diffractive optical element according to any one 
of Claims 1 - 9, wherein the substrate has a lens 
function. 

11. A diffraction optical system including a diffractive 
optical element as recited in any one of Claims 1 - 
10. 

12. A diffraction optical system according to Claim 11, 
wherein said optical system Is an imaging optical 
system. 

13. A diffraction optical system according to Claim 12, 
wherein said diffractive optical element is provided 
at one of a lens cemented surface and a lens sur- 
face, or Inside a lens. 

14. A diffraction optical system according to Claim 11, 
wherein said optical system Is an observation opti- 
cal system. 

15. A diffraction optical system according to Claim 14, 
wherein said diffractive optical element is provided 

at a side of a lens, constituting the observation op- 
tical system, which faces an objective lens side 
thereof. 

16. A diffractive optical element comprising first and 
second materials of different dispersions and in- 
cluding at least two diffraction gratings arranged 
one upon the other, wherein: 

the diffraction gratings are formed on respec- 
tive curved substrate surfaces; 
the curvature of the curved substrate surface 
on which one grating is formed has the opposite 
sign to the curvature of the grating surface of 
that grating at a portion of that grating where 
the grating pitch is largest; and 
the said one grating has a grating thickness 
smaller than that of the other grating. 
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+ (n01-1)d1+ (n03-1)d2+ (n02-1)d2 = mXO 

where nOI is a refractive index of the material of a 

first diffraction grating with respect to a wavelength 
XO, n02 is a refractive index of the material of a sec- 



9 



EP 1 193 512 A2 




FIG. 2 

10 



EP 1 193 512 A2 



1ST ORDER LIGHT 



o>- 

DC O 
Q HI 



100.0 
98.0 
96.0 
94.0 
92.0 
90.0 
88.0 
86.0 
84.0 
82.0 
80.0 



I I I I I I I I I 1 I I I I I I I M I I I I I I I I I I 



400 450 500 550 600 650 700 
WAVELENGTH (nm) 



FIG. 3A 



ZEROTH 


2ND 


ORDER LIGHT 


ORDER LIGHT 




400 450 500 550 600 650 700 
WAVELENGTH (nm) 



FIG. 3B 



11 



EP 1 193 512 A2 




FIG. 5 

12 



EP 1 193 512 A2 




FIG. 6 



13 



EP 1 193 512 A2 




FI6. 7 



14 



EP 1 193 512 A2 




FIG. 8 




FI6. 9 



15 



EP 1 193 512 A2 



X 



V 



L: 










2 


/ 





18 17 



FIG. 10 




101 



J 



FIG. 11 



16 



EP 1 193 512 A2 




EP 1 193 512 A2 



1ST ORDER ZEROTH ORDER 



2ND ORDER 



tro 

O 111 



100.0 
90.0 
^ 80.0 
70.0 
60.0 
50.0 
40.0 
30.0 
20.0 
10.0 
0.0 




■4-1"P7-VT-VT 



i_JL 



400 450 500 550 600 650 700 
WAVELENGTH (nm) 



FI6. 14 




18 



EP 1 193 512 A2 





FIG. 17 



19 



